To study the contribution ofcAMP to the spike broadening produced by serotonin (IKv). They found that 5-HT causes an inward movement of the current at the beginning of the voltage step followed by a later outward movement. Because the inward and outward movements of the currents showed similar voltage dependence and sensitivities to tetraethylammonium and 4-aminopyridine, Baxter and Byrne suggested that IKv is a single current and that 5-HT modulates it by slowing both the kinetics of activation and inactivation. Bath application of cAMP analogs did not modulate this current and produced only a modest spike broadening (10, 11) . Therefore, they concluded that 5-HT produced spike broadening by cAMPindependent modulation of IKv. These findings seemed at variance with those obtained by Ghirardi et al. (12) These results suggest that cAMP contributes importantly to spike broadening in the pleural sensory neurons and are consistent with the finding that in nondepressed synapses, where spike broadening is the main mechanism for facilitation (6), short-term facilitation produced by one 5-min pulse of 5-HT is blocked completely by inhibitors of protein kinase A (12). However, we have found that the effect on spike broadening ofcontinuous injection ofSp-cAMP[S] reaches its peak within 5-10 min and then declines slowly over the next 10-20 min. By contrast, the effect on spike broadening of continuous 5-HT application can be maintained for periods >30 min. In agreement with Ghirardi et al. (12) and Sugita et al. (14), these experiments point to the possibility that other slowly activated and cAMP-independent processes may contribute to spike broadening that emerges after many minutes of continuous exposure to 5-HT.
In turn, the cAMP antanistRp-cAMP [S] blocked "50% ofthe 5-HT-induced spike broadening. We next exmned the K+ currents that are modulated by 5-HT and determined how these currents are affected by cAMP. Confirming Baxter (IKv) . RpcAMP[S] blocked the reduction by 5-HT of the early phase of IKv in parallel with, and to the same degree (60%), as this inhibitor blocked the Irs and spike broadening. These results support the idea that in the pleural sensory neurons cAMP mediates a Dgf t part of the spike broadening that accompanies short-term faitati produced by 5-HT and that cAMP can produce spike broadening by modulating both Irv and Irs.
Short-term presynaptic facilitation of the connections between the siphon sensory neurons and gill motor neurons in the abdominal ganglion of Aplysia is associated with spike broadening in the siphon sensory neuron (1) . Klein et al. (2) found that connective stimulation, which activates serotonergic cells, serotonin (5-HT), and cAMP, a second-messenger pathway activated by connective stimulation and 5-HT, all reduce a specific background K+ current, the S-type K+ current (IKS), which they suggested was responsible for the 5-HT-induced spike broadening (see also refs. 3 and 4) . Later, Hochner et al. (6) found that broadening was both necessary and sufficient for short-term facilitation of transmitter release in nondepressed synapses (see also ref. 7 ). In addition to being modulated in the short term, IKS is also modulated with long-term facilitation lasting one or more days (8) .
In the pleural sensory neurons Scholtz and Byrne (9) have similarly found that 5-HT modulates IKS with long-term facilitation, but Baxter and Byrne (10) have found recently that with short-term facilitation 5-HT modulates, in addition to IKS, a change in kinetics of another K+ current, which they characterized as a delayed rectifier, voltage-dependent K+ current (IKv). They found that 5-HT causes an inward movement of the current at the beginning of the voltage step followed by a later outward movement. Because the inward and outward movements of the currents showed similar voltage dependence and sensitivities to tetraethylammonium and 4-aminopyridine, Baxter and Byrne suggested that IKv is a single current and that 5-HT modulates it by slowing both the kinetics of activation and inactivation. Bath application of cAMP analogs did not modulate this current and produced only a modest spike broadening (10, 11) . Therefore, they concluded that 5-HT produced spike broadening by cAMPindependent modulation of IKv. These findings seemed at variance with those obtained by Ghirardi et al. (12) in pleural sensory and motor cells in culture and by Goldsmith and Abrams (17) , where inhibitors of protein kinase A blocked spike broadening and short-term facilitation by 5 These results suggest that cAMP contributes importantly to spike broadening in the pleural sensory neurons and are consistent with the finding that in nondepressed synapses, where spike broadening is the main mechanism for facilitation (6) , short-term facilitation produced by one 5-min pulse of 5-HT is blocked completely by inhibitors of protein kinase A (12) . However, we have found that the effect on spike broadening ofcontinuous injection ofSp-cAMP[S] reaches its peak within 5-10 min and then declines slowly over the next 10-20 min. By contrast, the effect on spike broadening of continuous 5-HT application can be maintained for periods >30 min. In agreement with Ghirardi et al. (12) and Sugita et al. (14) , these experiments point to the possibility that other slowly activated and cAMP-independent processes may contribute to spike broadening that emerges after many minutes of continuous exposure to 5-HT.
MATERIALS AND METHODS Clusters of sensory neuron somata were isolated from the pleural ganglia of Aplysia californica weighing 150-350 g. .800 Spikes were elicited by current pulses of 5-msec duration and intensity of B10%o above threshold (4.7 nA). In this way the spikes were generated after the stimulation current ended. Each figure (Al-3) is composed of superpositioning of two spikes taken at the noted times after penetration (in min). The spike duration is minimal after 17 min (Al), reaches maximal duration at 27 min (A2), and decreases thereafter (47 min, A3). (BJ-4) Increase in sensory neuron excitability is demonstrated by the elevation in the number of spikes elicited by the same 500-ms 1.0-nA current pulse. Each record was taken at the designated times after penetration. Note that in contrast to spike duration the excitability remains at the peak level for the rest of the experiment. ing time, spike duration began to decline slowly after 27 min ( Fig. 1A3 and B4) . Thus, the maximal effect of cAMP on spike duration is maintained for only 5-10 min (Fig. 1C) . Fig. 2A) , we measured the response 3 min after application of 20 IzM 5-HT. Now, the level of spike broadening was greatly reduced (Fig. 2BI) , and the anti-accommodation effect of 5-HT was substantially blocked (Fig. 2B2 and B3 ).
The pooled data are summarized in Fig. 2C . (10) . We distinguished IKv from IKS by using two different voltage-command protocols. In both cases we first stepped the membrane potential from a holding potential of -50 mV to -70 mV for 10 sec before applying a 200-msec depolarizing step to one of two test potentials. To examine IKS alone, we stepped from -70 mV to -20 mV. To examine IKv and IKS together, we stepped from -70 to +30 mV. To eliminate possible contribution of IKCa2+, we carried out these experiments in 2 mM tetraethylammonium, and 160 ,uM tetrodotoxin was used to block Na+ current.
As described by Baxter and Byrne (10), steps from -70 mV to +30 mV activated a transient outward current, which activated rapidly and inactivated slowly (Fig. 3A1) . This current is blocked by both 4-aminopyridine (2 mM) and tetraethylammonium (100 mM) (data not shown). 5-HT caused an inward movement, or reduction, of the outward current at the beginning of the pulse, followed by an increase in outward current later in the pulse. This behavior causes a characteristic crossover of the current, at -15 msec, when the control current is compared to the current after exposure to 5-HT. Subtracting the current in the presence of5-HT from the control current in the absence of 5-HT gives the net total current modulated by 5-HT (Fig. 3A1) . Examination of this current indicates that 5-HT can only be effective in causing spike broadening during the first few msec of a depolarizing pulse because it is only during this period that 5-HT induces an inward movement of the current. The later increase in the outward current can only decrease spike duration, but it is so late as not to be relevant for the duration of a single spike.
With steps from -70 mV to -20 mV (Fig. 3A2) , 5-HT causes net reduction in outward current, with the maximal effect at the end of the pulse. The modulated current shown in the subtracted trace is slowly activated with no apparent inactivation. This behavior is typical of IKS.
To determine to what degree these several currents are modulated by cAMP, we measured the effects of the kinase A inhibitor, Rp-cAMP[S], on 5-HT modulation ofIKS and IKv (Fig. 3B) . As expected from earlier work showing that IKS is modulated by cAMP, Rp-cAMP[S] blocked modulation of this current, as revealed by the voltage step from -70 to -20 mV (Fig. 3B2) . The effect ofRp-cAMP[S] on current response to a voltage step from -70 to +30 mV is more complex (Fig.   3BI ). Here, Rp-cAMP[S] completely blocks the inward movement of the early current that can contribute to spike broadening, much as it blocks IKS. By contrast, Rp-cAMP [S] did not appear to affect the increase in the delayed outward current, which cannot contribute to broadening.
5-HT caused maximal reduction in outward current at 5 msec (Fig. 4A) . This inward movement of the current is equivalent to a 13% reduction in the average outward current (22.2 nA). In the presence of Rp-cAMP[S] (Fig. 4C) , 5 The average current responses to voltage steps from -70 mV to -20 mV revealed that 5-HT modulated the slowly activated outward current as previously described forIKs. The maximal modulation at 160 msec (see the difference current trace, Fig. 4B ) is equal to 25.6% reduction in the outward current, corresponding to an average of 1.23 nA. In the presence of Rp-cAMP[S], 5-HT causes 8.8% reduction in outward current at 160 ms (Fig. 4D) . This corresponds to 66% inhibition of the 5-HT modulation of IKS and is very similar to the 61% inhibition of the inward modulation of transient IKv.
These combined results suggest that cAMP has a role not only in modulation of IKS but also in the early transient component of the current defined as IKv by Baxter and Byrne (10) .
DISCUSSION
In examining the short-term effects of 5-HT on the tail sensory neurons of the pleural ganglia, Baxter and Byrne (10) found that 5-HT modulates not only IKS described by Klein et broadening by 75%, in the ganglion. It therefore seems more likely that the differential effect ofRp-cAMP[S] results from a nonlinear relationship between current modulation and the excitable properties of the cell, so that the effects on excitability are more profound than those on spike broadening (17) .
Our results, in turn, raise new questions. Is IKv a single current related to the delayed rectifier, as suggested by Baxter and Byrne, or a composite of two different currents? Which components of the current contribute to spike broadening?
The kinetics of the current and the finding that Rp-cAMP [S] reduces the modulation by 5-HT ofthe early inward movement but not the late outward movement suggests that IKv may consist of two currents. The early and transient component appears similar to the A-type current, IKdepol, described by Furukawa et al. (19) . This component is modulated by cAMP, and it is only this component of the current that has the direction (inward movement) and early time course (0-20 ms) to contribute to the duration of the action potential. The second, slower component is similar to a delayed rectifier. This component is not modulated by cAMP and is too late to contribute to spike broadening. Alternatively, IKv may only be a single complex current, and cAMP may simply modulate its activation kinetics without affecting its inactivation.
Based on these findings we propose the following scheme for 5-HT-induced spike broadening. 5-HT causes rapid elevation in free cAMP level (ref. 20; unpublished data), which leads to closure of IKS and reduction in the transient phase of IKv.
The modulation ofthese two currents by cAMP contributes to the spike broadening that develops rapidly after 5-HT application and induces short-term facilitation of transmitter release in nondepressed synapses. This suggestion is consistent with the findings of Braha et al. (21) and Ghirardi et al. (12) that in nondepressed synapses, where spike broadening is the main mechanism for facilitation (6), blockade of protein kinase A blocks completely short-term facilitation produced by one 5-min pulse of 5-HT, whereas blockade of protein kinase C has no effect on either facilitation or spike broadening at this early time point. By contrast, the late slowly developed spike broadening may involve an additional second-messenger system. As suggested by Ghirardi et al. (12) and Sugita et al. (14) , the protein kinase C system might become relatively more important when the sensory neurons are exposed to exogenous 5-HT for long periods oftime. According to this view, the action of protein kinase C may be recruited under two circumstances: (i) for mobilization of transmitter when the synapse become depressed (5, 21); and (i) for broadening when 5-HT is present continuously for many minutes (7, 14) . 
